The proportion of rock fragments in soil affects water availability and therefore the characteristics of plants. The objective of this study was to evaluate the effect of rock-fragment content on plant water consumption, biomass, growth and water-use efficiency (WUE) under different water conditions. Four gravimetric treatments of rock-fragment contents (0, 10, 30 and 50%) and four treatments of water content were tested in sandy loamy soils. The water contents of the rock-free soil were 15-19% (80-100% of field capacity), 11-15% (60-80% of field capacity), 9-11% (47-60% of field capacity) and 6-9% (32-47% of field capacity). Transpiration, plant height, basal stem diameter and biomass of korshinsk peashrubs in the treatments were measured and compared. Plants grown in the soil with rock fragments transpired less, especially under well-watered conditions. The mean daily transpiration of plants in the soils with 30 and 50% rock-fragment contents was 18% (P = 0.021) and 34% (P = 0.001) lower, respectively, in 2014, and 25% (P = 0.008) and 31% (P = 0.002) lower, respectively, in 2015 relative to the soil without rock fragments and was not lower in the soil with 10% rock fragments. Plant height, basal stem diameter and biomass did not differ significantly between rock-fragment contents of 0 and 30% but were lower at 50%. WUE, the ratio between total transpiration and biomass, was highest at 30% and then decreased at 50%. Increasing plant water stress could thus improve WUE. The rock fragments in the soil had significant effects on plant water consumption, biomass, growth and WUE. Optimizing the rock-fragment content is necessary when the relationships between plants and water in stony ecosystems are evaluated.
Introduction
A soil rock fragment is defined as a particle with a diameter >2 mm. Fragments forming as a result of processes of soil genesis and human activity exist at the soil surface and within the soil. Stony soils are widespread and can reach land-cover ratios up to 60% in the Mediterranean region of Western Europe (Poesen and Lavee, 1994) . The proportion of stony soil is >30% on the Loess Plateau of China (Hou, 1993) .
The presence of rock fragments significantly affects hydrological functioning such as water storage, infiltration and evaporation and soil hydraulic properties such as hydraulic conductivity and water retention (Van Wesemael et al., 1996; Ma and Shao, 2008 ; * Correspondence to: 11#, Da Tun Road, Chao Yang District, Beijing, China.
E-mail address: shaoma@igsnrr.ac.cn (M. Shao). Li et al., 2008; Zhou et al., 2009; Baetens et al., 2009; Ma et al., 2010; Novák et al., 2011; Tetegan et al., 2011) . Water movement in, and the hydraulic properties of, soils are strongly dependent on the availability of water for plants. Rock fragments in stony areas should therefore be considered in studies of water availability for plants and of water exchange among plants, rock fragments and soils. Tetegan et al. (2011) proposed pedotransfer functions based on the linear relationship between the available water content (AWC) of rock fragments and the Napierian logarithm of bulk density and the relationship between water content at −100 and −15 840 hPa. The simulation showed that excluding 30% of the pebbles in a stony horizon underestimated the soil available water content (SAWC) by 5% for chert pebbles and by 33% for chalk pebbles. Novák and Kňava (2012) demonstrated that the presence of stones can decrease soil water-holding capacity and hydraulic conductivity, which can decrease the availability of soil water for trees. (Tetegan et al., 2011) to calculate the SAWC at a regional scale (36 200 ha) . They demonstrated that rock fragments could contribute to the AWC of stony soils. SAWC could thus be underestimated if rock-fragment content is neglected. Water exchange would be more complex when plants are added to the system. Tetegan et al. (2015b) included the dynamics of water exchange between fine and stony soil. They demonstrated that rock fragments in soil could act as water reservoirs for plants. Water was exchanged between rock fragments and soils, plants and soils, and plants and rock fragments. The growth and physiological features of plants should differ between stony and rock-free soils due to the effect of rock fragments on the water availability for plants and water exchange. Danalatos et al. (1995) reported that water conservation was generally better in stony soils under conditions of moderate water stress, and the presence of cobbles on the soil surface increased total drymatter yield of rainfed wheat by 20%. The presence of stones in soil also affects the growth of plant roots. Estrada-Medina et al. (2013) demonstrated that rock fragments changed the distribution of root systems. Plant roots can grow in both soil and rock. Changes in plant growth have been attributed to hydraulic and nutrient redistribution resulting from the presence of rock fragments (Carrick et al., 2013) . Root growth is linked to the compressive strength of rocks; the penetration resistance of soil ranges from 2 to 4 MPa (Arshad et al., 1996) , and root growth is restricted above this range (Schwinning, 2013) .
In addition to changing the yield and root distribution of plants, rock fragments can also change other features of plants such as transpiration (a feature of water consumption), stem height and diameter (features of plant growth), and water-use efficiency (WUE). Few studies, however, have investigated changes in these features, which limits our understanding of the features of plant growth in stony soil.
We hypothesized that (1) the responses of plant transpiration, stem height and diameter, and biomass to water conditions can be affected by the rock-fragment content of the soil and (2) rock-fragment content would affect WUE under different water conditions. The objectives of this study were therefore to (i) assess whether the features of plants such as transpiration, stem height and diameter, and biomass respond to rock-fragment content under different water conditions, and (ii) quantify and compare WUEs and then determine a feasible strategy of management of rock fragments and water conditions for increasing WUE.
Materials and methods

Description of the sampling site
The experiment was conducted at the Shenmu Erosion and Environmental Research Station of the Institute of Soil and Water Conservation, Chinese Academy of Sciences. The station is in the Liudaogou catchment on the northern Loess Plateau of China (38 • 46 -38 • 51 N, 110 • 21 -110 • 23 E; 1081.0-1273.9 m a.s.l.). This area has a semiarid climate with a mean annual temperature of 8.6 • C and a mean annual precipitation of 412 mm (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) falling mainly from July to September. The mean frost-free period is 169 days, and the mean annual pan evaporation is 785 mm (Jia et al., 2011) .
The main rock fragments in the catchment are concretions of calcium carbonate formed from loessial deposits that have a high content of calcium carbonate (Zhu and Shao, 2008) . The concretions have formed by the synthetic action of pedogenesis, soil erosion, and human activity and are randomly distributed in and on the surface of the soil. These rock fragments have the capacity to absorb water. The soil and rock fragments for this study were collected from the catchment. The soil used in this study was sandy loam, classified according to the ISSS (International Society of Soil Science) system. The main physical properties of the soil are presented in Table 1 . Field capacity was determined by the modified Wilcox method (Hanks et al., 1954) . The size distribution of the rock fragments is presented in Table 2 . Fragment sizes of 20-30 mm represented the largest proportion (>50%), followed by fragments >40 mm.
Experimental design and treatments
The experiment was conducted beneath a mobile plastic rain shelter from May to October 2014 and 2015 using PVC columns 1 m high and 20 cm in diameter. The fine (<2 mm) or stony soil was packed to a depth of 85-90 cm. Soil crusting was avoided by providing irrigation water through a tube (2 mm ID) inserted from the surface to the middle of the fine or stony soil in the columns. The korshinsk peashrub (Caragana korshinskii Kom.), a perennial shrub commonly used for vegetation recovery on the Loess Plateau, was chosen as a test plant for this study. Peashrub seeds were sown in the columns in August 2012, and seedlings were thinned to two plants per column.
Four rock-fragment contents were tested: 0, 10, 30 and 50% (gravimetric contents), abbreviated as A, B, C and D, respectively. Four water treatments were also tested. For the fine soil, the four water treatments were 15-19% (80-100% of field capacity), 11-15% (60-80% of field capacity), 9-11% (47-60% of field capacity, average water content in a wet year) and 6-9% (32-47% of field capacity, average water content in a dry year), abbreviated as W 1 , W 2 , W 3 and W 4 , respectively. The corresponding gravimetric water contents were 11. 3-14.3, 8.3-11.3, 6.8-8.3 , and 4.5-6.8%, respectively. The bulk density of the packed fine soil was 1.33 g cm −3 , and the average bulk density of the rock fragments was 2.05 g cm −3 . The water content of the stony soil was determined by:
where Â mT , Â mfe and Â mrf are the water contents of the stony soil, fine soil and rock fragments, respectively; and R m is the gravimetric rock-fragment content. Â mrf was calculated by :
where a and b are the empirical parameters. This equation expresses the relationship between the water contents of the fine soil and the rock fragments (calcium carbonate concretions) under stable conditions (i.e. no water is exchanged between the fine soil and the rock fragments). Shao et al. (2009) indicated that the rock-fragment content did not significantly affect the relationship between the water contents of the rock fragments and the fine soil. We thus used the same empirical parameters in the different rock-fragment treatments. The values of a and b were obtained by measuring a series of fine-soil water contents and rock-fragment water contents under equilibrium conditions. In this study, a was 0.082 and b was 14.429 (N = 35, R = 0.88, SE = 0.012; N is the number of samples; R is the correlation coefficient of the fit; and SE is the standard error of the estimation). The four water treatments, W 1 , W 2 , W 3 and W 4 , were thus 10. 8-13.6, 8.0-10.8, 6.6-8.8 and 4.5-6 .6% for the columns with 10% rock fragments; 9.9-12.2, 7.5-9.9, 6.2-7.5 and 4.3-6.2% for the columns with 30% rock fragments; and 8.9-10.8, 7.0-8.9, 5.9-7.0 and 4.2-5.9% for the columns with 50% rock fragments, respectively. Maintaining the water contents served two purposes: to restrict changes in water content to below field capacity and to compare the indexes (e.g. transpiration and plant growth) among the rock-fragment contents. Water added to the columns was determined from the amounts of water in the fine soil and rock fragments under equilibrium conditions (Eq. (2)). The amount of water added through the supply tube was calculated by subtracting the weights of the fresh plants, an empty column, the layer of vermiculite and the water-supply tube from the total weight of a column and dividing by the dry weight of the fine/stony soil. To avoid destroying the peashrubs, we estimated the aboveground plant fresh weight (W, g) from the height (H) and basal stem diameter (D) allometrically at the time of measurement (Feng et al., 1999) :
Ln (W) = a × Ln (D 2 H) + b (a and b are the empirical parameters). H and D were measured by a measuring tape (1 mm) and vernier calipers (0.01 mm), respectively. The weights of the fresh plants changed with time ( Fig. 2 ) so were recalculated after measuring H and D (approximately one month). After weighing each time, water was added until reaching the upper limit of the water content. The columns were reweighed after 2-4 days. Water content was not measured during the experimental period, so the gravimetric water content of each treatment was calculated from the water balance. The average of the water content of the upper limit and at weighing represented the mean water content during this period.
The initial water contents of the fine soil and the rock fragments were 0.0060 and 0.0056 m 3 m −3 , respectively. The saturated water contents of the fine soil and the rock fragments were 0.40 and 0.16 m 3 m −3 , respectively. Each treatment had three replicates, for a total of 48 columns (4 (rock fragments contents) × 4 (water contents) × 3 (replicates)). Air-dried samples of fine soil (<2 mm) were mixed well with the rock fragments (mostly 10-50 mm), and the soil/rock-fragment mixtures were then uniformly packed into the PVC columns. Some vermiculite was added to the surface for preventing evaporation. The bottoms of the columns were sealed.
Water consumption was calculated from the water balance using the difference in the weights of the columns before and after the interval of adding water. Daily transpiration rates were calculated as the average water consumption over the 2-4 day period. The changes in plant weights were ignored, because the weights changed little during the 2-4 days relative to the changes of water content. Wu et al. (2011b,c) also ignored the growth of the maize over 2-5 days and of the winter wheat over 1-3 days in pots experiment. During the period of experiment, we also confirmed the reasonability of ignoring the changes of plant weight. For example, from 12 June to 10 July in 2014, the aboveground biomass of AW 1 increased by 0.43 g per day. The daily transpiration was 0.244 Kg during this period. From 5 June to 4 July in 2015, the aboveground biomass of AW 1 and BW 2 increased by 0.39 and 0.65 g per day, respectively. The corresponding daily transpiration was 0.336 Kg and 0.240 Kg, respectively. The changes in plant weights in the three examples were the largest of all. The pan evaporation of water was also measured to represent the weather conditions during the experiment. The diameter of the pan was 20 cm.
The experiment was conducted during the growing seasons (May to September) of the peashrubs in 2014 and 2015. The heights and basal stem diameters were measured once a month. We collected the stems and leaves of the plants at the end of the experiment in September 2015. The columns were cut to collect the plant roots. All plant tissues were oven-dried (80 • C) and then weighed (0.01 g).
Statistical analysis
One-way analyses of variance (ANOVAs) were used to examine the significance of the differences in water content, transpiration, plant growth and biomass among treatments. A least significant difference [LSD (0.05)] test was used if differences were significant. The data were analyzed using SPSS 19.0 statistical software (International Business Machines Corporation (IBM), USA). The plots were mapped using SigmaPlot 12.0 (System Statistical Analysis Software Corporation (SYSTAT), USA).
Results and discussion
Changes of water content during the experiment
The ranges and averages of the water content for each treatment during the experiment are shown in Table 3 . An ANOVA indicated that all differences in average water contents of each treatment with the same rock-fragment content were significant (with 95% confidence intervals). Comparison of the water contents of the different rock-fragment treatments (Table 3) showed that (i) the difference of water content between AW 2 and BW 2 was not significant in 2014; (ii) the differences of water content among AW 2 , BW 2 and DW 1 , among AW 3 , BW 3 and CW 3 , and among AW 4 , BW 4 and CW 4 were not significant in 2015; and (iii) the differences of water content between AW 4 and DW 3 and between BW 4 and DW 4 were not significance in 2015. The water contents differed significantly among the other treatments. The coefficient of variation for the water content as a function of time for each treatment was <6.5% in 2014 and <6% in 2015, and the mean standard errors were <0.005 cm 3 cm −3 in 2014 and <0.002 cm 3 cm −3 in 2015. The above average water contents were all maintained at the desired value indicated in Section 2.2.
Water consumption
Daily and total transpiration were determined by weighing after inhibiting evaporation. Daily transpiration was measured 34 times in 2014 (from 19 May to 20 September) and 29 times in 2015 (from 12 May to 16 September), and the dynamics of daily transpiration were consistent with the pan evaporation (Fig. 1) . The daily and total transpiration of all treatments were compared by an ANOVA (with 95% confidence intervals). The dynamics of daily transpiration per plant during the experiment are shown in Fig. 1 .
Daily transpiration was higher in the treatments with higher water contents in both the fine and stony soils. Daily transpiration in the soil with no rock fragments (0%) was higher for AW 1 and AW 2 than for AW 3 and AW 4 and was higher for AW 3 than for AW 4 ( Fig. 1 and Table 4 ). The changing trends of daily transpiration were similar in the other rock-fragment treatments. Daily transpiration did not differ significantly between AW 1 and AW 2 in the rock-free soil (0%) and between CW 1 and CW 2 in the soil with 30% rock-fragment content. Daily transpiration, however, differed significantly between BW 1 and BW 2 in the treatments with 10% rock-fragment content in 2015 and between DW 1 and DW 2 in the treatments with 50% rock-fragment content. Maintaining similar daily transpiration is reasonable under high water conditions, even though the water contents differed significantly. Various plants physiological indices (such as transpiration rate, photosynthetic rate, and plant height) began to decrease when water content Note: The same symbols (*, †, ‡, §,#) after the numbers in the same column indicate that the difference of water content among the treatments was not significant. , and 50%, respectively. W1, W2, W3, and W4 represent the four water treatments for the fine soil of 15-19, 11-15, 9-11, and 6-9%, respectively. AW, BW, CW, and DW represent mean daily transpiration of the four water treatments for rock-fragment contents of 0, 10, 30, and 50%, respectively. , and 50%, respectively. W1, W2, W3, and W4 represent the four water treatments for the fine soil of 15-19, 11-15, 9-11, and 6-9%, respectively.
Table 4
Comparison of transpiration for the different rock-fragment contents in the water-content treatments. Significant differences (P < 0.05) within a column are denoted by different letters. (Bielorai,1973; Sinclair et al., 1998; Wu et al., 2011b,c) .
Daily transpiration tended to decrease as the proportion of rock fragments in the soil increased. The results of comparisons of mean daily transpiration for each rock-fragment content showed that the daily transpiration for plants grown without rock fragments (0%) was higher than for plants grown with rock-fragment contents of 30 and 50% (Table 5 ): 18 and 34% higher, respectively, in 2014 and Table 5 Comparison of mean transpiration for the four rock-fragment contents. Significant differences (P < 0.05) across all columns are denoted by different letters. AW, BW, CW, DW represent mean daily transpiration of four water treatments for rock-fragment contents of 0, 10, 30, and 50%, respectively. 25 and 31% higher, respectively, in 2015. Daily transpiration was higher in the treatments with 10% rock-fragment content than the treatments with 30 and 50% rock-fragment contents in 2015 (21 and 27% higher, respectively). This trend was associated with the water hydraulic conductivity. The saturated hydraulic conductivity previously reported for the calcium carbonate concretions in the Liudaogou catchment initially decreased with increasing rockfragment content to a minimum rock-fragment content of 40% and then increased (Zhou et al., 2009) . The saturated hydraulic conductivity in our study was lowest for the rock-fragment content of 50%. Novák and Kňava (2012) also demonstrated that stones in mountainous forest soil reduced the effective hydraulic conductivity of the soil. Rock fragments in the soil slow the movement of water to the roots, which decreases transpiration. A comparison of daily transpiration also showed that the difference of transpiration in the different proportions of rock fragments decreased with water content. The descending order of daily transpiration for water-content treatment W 1 was: AW 1 > BW 1 > CW 1 > DW 1 (Fig. 1 and Table 4 ). Daily transpiration was higher for AW 1 than for CW 1 and DW 1 . Daily transpiration in 2014 for water-content treatment W 1 with 50% rock fragments was 39% lower than without rock fragments. The descending order of daily transpiration for water-content treatment W 2 was: AW 2 > BW 2 > CW 2 > DW 2 . The differences of daily transpiration between BW 2 and CW 2 and between CW 2 and DW 2 in 2014 were significant. Daily transpiration for water-content treatment W 3 was similar to that for treatment W 2 . Daily transpiration for watercontent treatment W 4 , did not differ significantly among AW 4 , BW 4 and CW 4 in 2014 and among AW 4 , CW 4 and DW 4 in 2015.
Changes in plant transpiration may depend on the ratio of water content between the fine soil and rock fragments. The saturated water content of the rock fragments in this study was 0.08 g g −1 , which was lower than the field capacity of the fine soil (0.14 g g −1 ). The ratio was higher in the treatments with high water contents than in the treatments with low water contents. The presence of the rock fragments decreased the water content of the stony soil relative to the rock-free soil under well-watered conditions (Tetegan et al., 2015b) . The ratio of water content between the fine soil and the rock fragments decreased gradually to 1 or <1 when water content decreased. The water content of the stony soil was higher than that in the rock-free soil as the rock-fragment content increased (Tetegan et al., 2015b) . The rock fragments therefore had a larger effect on transpiration when water content was high.
The dynamic changes of daily transpiration were similar in the two years (Fig. 1) . However, the mean daily transpiration in 2015 were higher than that in 2014 (T test, P < 0.05), especially in the high water treatments (Table 5 and Fig. 1 ). The mean daily pan evaporation between the two years were not significant (4.84 and 4.97 mm, respectively), which indicated the meteorological factors had little effects on the transpiration. Therefore, the plant growth was the main factor affecting transpiration. Total transpiration, similar to daily transpiration, increased with water content (Table 4) , but the response to water content was not as sensitive as for daily transpiration. For example, total transpiration did not differ significantly between BW 3 and BW 4 in the treatment with 10% rock-fragment content or between CW 3 and CW 4 in the treatment with 30% rock-fragment content. Daily transpiration was thus more suitable for analyzing the response of the plants to water content. The above results for water consumption (transpiration) support our first hypothesis on water consumption.
Plant height and basal stem diameter
The plant heights and basal stem diameters of the korshinsk peashrubs are shown in Fig. 2 . The peashrubs grown in the high water treatment were taller and had larger stem diameters than those grown in the low water treatment, regardless of rockfragment content, and this difference increased toward the end of the growing season.
Rock-fragment content did not significantly affect plant height in the three treatments with higher water contents. In the treatment with the lowest water content, the peashrubs grown in the fine soil (AW 4 ) and soil with rock-fragment contents of 10% (BW 4 ) or 30% (CW 4 ) were taller than those grown in the soil with 50% (DW 4 ) rock-fragment content, and this difference increased toward the end of the growing season: 34%, 31% and 35% (P < 0.05) taller at the harvest time, respectively.
Only the peashrubs in the AW 3 treatment had larger stem diameters than the plants in the DW 3 treatment (P < 0.05), and this difference also increased toward the end of the growing season: 27% larger at the harvest time. Rock-fragment content had no effect on the diameter in the other three water treatments. The above results about plant height and diameter indicated that the peashrubs grown in the soil with 50% rock-fragment content were shorter and had smaller diameters than the plants in the other three rock-fragment content treatments.
Biomass accumulation
Total and component biomasses were consistent with water content and did not differ significantly between the W 1 and W 2 treatments for the four rock-fragment contents (Fig. 3) . Total and component biomasses were higher in the W 1 and W 2 treatments than in the other two treatments, with the exception of stem biomass in the treatment with 30% rock-fragment content, which did not differ significantly among the W 1 , W 2 and W 3 treatments. Total and component biomasses in the W 1 and W 2 treatments varied little between rock-fragment contents of 0, 10 and 30% but were lower at 50%. Total, stem and leaf biomasses in the W 3 treatments were higher with 30% rock-fragment content than with 10% and 50% rock-fragment contents, and root biomass was higher with 0, 10 and 30% rock-fragment contents than with 50% rockfragment content. Biomass accumulation did not differ significantly among the W 4 treatments except for CW 4 , where leaf biomass was higher than in the other treatments. Biomass was lowest at a rockfragment content of 50% (52.35, 23.87, 7.58 and 20 .91 g for total, stem, leaf and root biomass, respectively) and highest at a content of 30% (86.53, 37.29, 12.61 and 36.63 g for total, stem, leaf and 15-19, 11-15, 9-11 , and 6-9%, respectively. Significant differences (P < 0.05) across all bars are denoted by different letters. Rm is the gravimetric rock-fragment content.
Fig. 4.
Comparison of mean water-use efficiency (WUE, ±SE). A, B, C, and D represent rock-fragment contents of 0, 10, 30, and 50%, respectively. W1, W2, W3, and W4 represent the four water treatments for the fine soil of 15-19, 11-15, 9-11 , and 6-9%, respectively. Significant differences (P < 0.05) across all bars are denoted by different letters. The horizontal line in the figure represents the mean WUE. root biomass, respectively). Biomass accumulation, however, did not differ significantly among the soils with 0, 10, and 30% rockfragment contents. The presence of rock fragments did not affect the biomass at low water contents (mean water content in fine soil <6%, Table 1 ).
We calculated the proportions of stem, leaf and root biomasses of each treatment and then analyzed the variances by an ANOVA. Biomass partitioning was not affected by water or rock-fragment contents in the soil, with the exception of the lower proportion of stem biomass in soil with 30% rock fragments than in soil with 50% rock fragments (−10%, P < 0.05).
Some studies have demonstrated that production and fractional vegetation cover were lower in soils with than without rock fragments (Ercoli et al., 2006; Qin et al., 2015) . Other studies have reported that rock fragments in the soil were beneficial to plant growth (Danalatos et al., 1995; Wu et al., 2011a) . Rock fragments can improve the conditions of water and temperature. Our results indicated that a rock-fragment content of 30% had a positive effect on plant growth and biomass, but a content of 50% rock fragment had a negative effect on plant growth. The negative effects may include the relative inaccessibility of the rock matrix to roots (Bornyasz et al., 2005) or lower nutrient concentrations (EstradaMedina et al., 2013) .
WUE
WUE is often considered an important determinant of yield under stress (Blum, 2009 ). In our study, biomass WUE (or transpiration) was calculated as the ratio between biomass produced and water consumed (transpired). We evaluated the effect of rockfragment content on WUE under water stress. Adding a suitable amount of rock fragments to the soil could increase WUE (Fig. 4) . A comparison of the mean WUE of the four water treatments for the different rock-fragment contents indicated that WUE was higher at a content of 30% than in the other rock-fragment treatments (43, 31 and 46% higher at 0, 10 and 50% rock-fragment contents, respectively, P = 0.00). WUE was therefore highest at a rock-fragment content between 10 and 50%. WUE (2.52 g kg −1 ) at a rock-fragment content of 30% was highest in the treatment with the lowest water content (CW 4 ).
The presence of rock fragments could reduce transpiration, especially under well-watered conditions ( Fig. 1 and Table 4 ), which can increase WUE. The effect of the rock fragments on plant growth is an additional factor. Below a certain threshold, the rock fragments had a positive effect on plant growth. This positive effect of the rock fragments (calcium carbonate concretions) or the range of rock-fragment contents in this study was not significant, but biomass tended to increase with the rock-fragment content (Fig. 3) , which can also increase WUE. The rock-fragment content for maximizing biomass may be between 10 and 30% or between 30 and 50%. It is necessary to design more meticulous experiment containing more treatments of rock-fragments content to determine the optimum rock-fragments content for plant growth.
Even though the differences of WUE among the water treatments were not significant, WUE tended to increase with the amount of water stress. For example, WUE was 2 (P = 0.89), 12 (P = 0.37), and 27% (P = 0.10) lower for CW 3 , CW 2 and CW 1 , respectively, than for CW 4 . This result supports the premise that water deficit can increase plant WUE (Meyers et al., 1984; Blum, 2009) .
The effects of rock fragments on the characteristics of plants may be species-specific. Korshinsk peashrubs are drought-tolerant leguminous shrubs able to grow in regions with annual precipitation ranging from 100 to 550 mm Cheng et al. (2013) , but they consume a lot of water. Li et al. (2008) and Wang et al. (2010) demonstrated that three-year-old peashrubs could extract soil water from a depth of 500 cm, and Fu et al. (2012) demonstrated that six-year-old peashrubs depleted soil water to a depth of approximately 300 mm and could extract soil water from a depth of 600 cm. The peashrub also has other relevant characteristics such as deep-rooting and perennially.
Other types of plants such as trees, grasses and crops may respond differently to the presence of rock fragments because of their different growth characteristics and water and nutrient demands. Most studies have focused on one kind of plant. For example, Tetegan et al. (2015b) chose young poplars to study the role of pebbles in water dynamics. Qin et al. (2015) studied the effects of gravel on the properties of the soil and vegetation in an alpine grassland. Smaill et al. (2014) reported an increase in nutrient uptake in stony (2-4 mm) soil for Nothofagus solandri var. cliffortioides and Weinmannia racemosa but did not provide details about the nutrients in these two species. Further comprehensive study is needed to supplement the information on the responses of plant species to the presence of rock fragments, and the applicability of the results of this study to other species of plants should be verified.
Conclusions
A column experiment with plants grown in soils with four different rock-fragment contents under four water treatments was conducted for assessing the effect of rock-fragment content on plant water consumption, growth (height and basal stem diameter) and biomass (total biomass and biomasses of stems, leaves and roots) and on the response of WUE to water content. This study provides an approach for increasing WUE in stony areas. The following conclusions can be drawn from this study.
1. Water consumption was affected by the contents of both water and rock fragments. Transpiration first remained stable and then decreased as the water content decreased. Increasing the rock-fragment content in the soil significantly decreased transpiration, especially under well-watered conditions (>60% of field capacity). 2. Plants grown in soil with 50% rock fragments were shorter, had smaller basal stem diameters and had lower biomasses and component biomasses (stems, leaves, and roots) than plants grown in rock-free soil. These parameters did not differ significantly between the plants grown with 10 and 30% rock fragments, but tended to increase when the rock-fragment content increased from 0 to 30%. 3. WUE first increased and then decreased with increasing gravimetric rock fragment. WUE was lowest for the plants growing in the soil with 50% rock fragments, but water stress could increase WUE. The rock fragment content to the maximum WUE was in the range from 10% to 50%. We therefore recommend matching rock-fragment content with maximum WUE when designing strategies of water conservation for stony soils, especially in arid and semiarid areas.
